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T lymphocytes constitute a highly dynamic tissue type. During the course of their lives, they
travel through a variety of physiological environments and experience a multitude of interac-
tions with extracellular matrix components and other cells. In order to do this, they must
receive many environmental cues, and translate these signals into the appropriate biological
actions. Particularly dramatic are the cytoskeletal shape changes a T cell must undergo during
the processes of leaving the bloodstream, migrating through tissues, and encountering anti-
gen. In this review, we highlight the role of integrins in providing a link between the extracel-
lular environment and cytoskeletal regulation and how these receptors help to orchestrate T
cell migration and antigen recognition.
Integrin cell surface receptors are heterodimeric
pairs that have extracellular matrix (ECM) compo-
nents as well as other cell surface proteins in their lig-
and repertoire. An array of structurally distinct cz and
subunits combine to form over 20 distinct integrin
receptors. Integrin subunits are characterized by large
extracellular domains and comparatively short cyto-
plasmic tails, with the notable exception of [34, which
has a large cytoplasmic domain. The 132 integrin sub-
family, which includes the LFA-1 (oL[32), Mac-1
((zM[2) and p150,95 (cX[32) integrins, the
integrin subfamily, which includes the c41 and
o5[1 integrins, and the c4137 integrin play particu-
larly notable roles in T cell function. The relevance of
integrins to a variety of biological processes is illus-
trated by their ubiquitous expression on all nucleated
cells and the dramatic effects of genetic ablation of
most integrin c and [3 subunits in mice (Clark and
Brugge, 1995; Schwartz et al., 1995; Shimizu et al.,
1999; Hynes and Bader, 1997; Hynes, 1996).
Several aspects of integrin structure and function
lead to their prominent role in regulating the ability of
a T cell to interact with and respond to the extracellu-
lar environment. First, the short cytoplasmic tails
associate with cytoskeletal proteins, such as talin,
o-actinin and paxillin (Clark and Brugge, 1995). In
this way, integrins act as a cell surface bridge that
links the structure of the extracellular matrix environ-
ment around a cell with its own cytoskeletal scaffold.
In adherent cells, this linkage with the cytoskeleton
results in the formation of a structure known as a
focal adhesion at the point of contact of a cell with the
underlying ECM (Schwartz et al., 1995; Guan, 1997).
In addition to providing cell anchorage, focal adhe-
sions are now known to be centers of signaling activ-
ity. Kinases, such as src kinase and focal adhesion
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kinase (FAK), as well as adapter proteins, localize in
focal adhesions (Guan, 1997). Although lymphocytes
do not form classical focal adhesions (Serrador et al.,
1999), integrin linkage to the cytoskeleton plays an
equally critical role in regulating T cell function.
A second aspect of integrin function that is critical
to orchestration ofT cell action is the ability ofT cells
to dynamically regulate the functional activity of
integrins in response to environmental cues (Diamond
and Springer, 1994; Shimizu and Hunt, III, 1996).
Thus, integrins can cycle between different states of
activity that consequently alter T cell adhesiveness to
the ECM, and to cells expressing integrin coun-
ter-receptors. These changes may involve alterations
in the conformation of integrin extracellular domains
that result in increased ligand binding affinity, as well
as cytoskeleton-dependent changes in the localization
of integrins on the cell surface that result in increased
avidity (Diamond and Springer, 1994; Bazzoni and
Hemler, 1998). The dynamic nature of these changes
in integrin activity allows for the precise regulation of
T cell interactions with the ECM and with other cells.
These responses are necessary for appropriate migra-
tion and responses to antigen.
A final integrin function that is critical to T cell
action is the ability of integrins to transduce intracel-
lular signals upon ligand engagement (Clark and
Brugge, 1995; Schwartz et al., 1995). In adherent
cells, integrin signaling plays a central role in regulat-
ing integrin-dependent cell migration (Guan, 1997;
Schlaepfer et al., 1999), as well as providing signals
that insure cell survival upon anchorage to the ECM
(Clark and Brugge, 1995; Giancotti, 1997). Although
T cells do not exhibit a similar requirement for ECM
attachment in order to survive, integrin signaling does
promote T cell proliferation (Shimizu et al., 1990a;
Udagawa et al., 1996; Geginat et al., 1999). In addi-
tion, the highly migratory lifestyle of a T cell suggests
a central role for integrin signaling in regulating T
cell movement.
The initiation of an antigen-specific T cell response
requires that T cells move out of the bloodstream into
secondary lymphoid tissues or sites of inflammation,
migrate through these tissues, and interact with anti-
gen-presenting cells (APCs). T cells face a formidable
task in achieving the morphological changes neces-
sary for this characteristic travel. In this review, we
highlight recent insights into the role of integrins and
the ECM in each of these stages of T cell action
(Figure 1).
LEAVING THE BLOODSTREAM
Integrins figure prominently in the ability ofT cells to
traffic to different sites around the body (Butcher et
al., 1999). Different integrins help to determine differ-
ent routes, and promote different stages of travel. The
route covered by circulating naive T lymphocytes is
limited and relatively uncomplicated, covering the
blood stream and secondary lymphoid tissue, such as
lymph nodes. Memory/effector T cells cover a much
more diverse area as they carry out surveillance func-
tions. They may enter non-lymphoid tissues, such as
the skin, and can also travel the same routes covered
by naive cells.
The specificity in the routes of migration of T cells
is orchestrated in large part by the interplay of adhe-
sion receptors, endothelial cell substrata and chemok-
ines. This interplay determines the ability of an
individual T cell to extravasate at a specific site. Lym-
phocyte extravasation involves three successive steps:
(1) primary adhesion of lymphocytes to the endothe-
lium, which is manifested as rolling or tumbling
under shear flow conditions; (2) lymphocyte activa-
tion, which results in integrin-dependent stable arrest
on endothelium; and (3) transmigration of lym-
phocytes out of the blood stream to lymphoid tissues
or inflammation sites (diapedesis) (Butcher et al.,
1999; Springer, 1995; Butcher, 1991). The interaction
between integrins and other adhesion receptors with
their ECM or cell surface ligands plays an essential
role in each step of the extravasation phase.
Primary Adhesion
Although selectin-mediated adhesion to carbohydrate
based ligands plays a prominent role in lymphocyte
tethering and rolling on the venular endotheliumFROM THE ECM TO THE CYTOSKELETON 157
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FIGURE Integrins and T cell action. A T cell must invoke many shape changes in order to the leave the bloodstream (1), migrate through
tissue (2), and respond to antigen (3). Integrins figure prominently in the ability of the T cell cytoskeletal architecture to evoke these changes
(Butcher et al., 1999; Lawrence et al., 1995; Alon et
al., 1994), the c4151 and 4157 integrins can also
mediate this initial step in leukocyte extravasation
(Berlin et al., 1995; Berlin et al., 1993; Sriramarao et
al., 1994; Alon et al., 1995). Like L-selectin, 47 is
highly concentrated on the microvilli of lymphocytes
(Berlin et al., 1995). This places c4157 in a region of the
cell surface that is critical in initiating lymphocyte con-
tact with endothelium under shear flow conditions.
This tethering interaction allows sufficient time for a
circulating lymphocyte to retrieve information from the
endothelial surface, most notably the presence (or
absence) of a signal capable of activating integrins and
initiating stable, shear-resistant attachment.
Activating Integrins" The Role of Chemokines
Chemokines (chemotactic cytokines) are a large
group of low molecular weight secretory or mem-
brane bound proteins that provide directional cues for
lymphocyte migration (Ward et al., 1998; Baggiolini,
1998; Kim and Broxmeyer, 1999). Several lines of
evidence strongly suggest that one function of chem-
okines in lymphocyte extravasation is to provide an
activating signal to integrins, resulting in shear-resist-
ant attachment to endothelium. First, the ability of
pertussis toxin to block lymphocyte extravasation
(Bargatze and Butcher, 1993; Bargatze et al., 1995) is
consistent with the interaction of chemokines with
pertussis toxin-sensitive G protein-coupled receptors.
Second, numerous chemokines can rapidly increase
integrin-mediated adhesion of lymphocytes. In vitro,
RANTES, MCP-1 and MCP- all induce
integrin-dependent T lymphocyte adhesion to
fibronectin (Carr et al., 1996). SDF-I, SDF-1
MIP-3[5 and 6-C-kine all trigger rapid and transient
adhesion of human lymphocytes to ICAM-1 via [52
integrins (Campbell et al., 1998). Third, chemokines158 JENNIFER A. EPLER et al.
can be detected on endothelial surfaces, which is
where they must reside in order to activate rolling
lymphocytes. For example, 6-C-kine, which is a
potent chemoattractant for naive T cells, is detectable
on high endothelial venules found in peripheral
lymph nodes (Gunn et al., 1998; Willimann et al.,
1998). This is consistent with a proposed role for
6-C-kine in triggering integrin activation during na’ive
T cell interactions with peripheral lymph node HEV.
Fourth, loss of chemokine expression in mice can dis-
rupt lymphocyte trafficking. Notably, naive T cells do
not migrate to peripheral lymph nodes in mice lacking
6-C-kine (Gunn et al., 1999), which is consistent with
a critical role for 6-C-kine in mediating T cell traf-
ficking into peripheral lymph nodes. Thus, the spec-
trum of chemokines produced in a local endothelial
area, coupled with the spectrum of chemokine recep-
tors expressed by any given T cell, likely determines
the efficiency of integrin activation during interac-
tions with endothelium.
The mechanism by which chemokines are "pre-
sented" to rolling lymphocytes is critical, since chem-
okines must achieve a local threshold concentration in
order to activate integrins expressed on T cells. This
would be difficult to accomplish with chemokines in
solution, since they would be rapidly diluted and
swept away once secreted into the blood vessel. It is
now clear that chemokines can overcome this prob-
lem by binding to cell surfaces (Tanaka et al., 1993b).
In vitro studies have shown that integrin-dependent
adhesion of T cells can be triggered by chemokines
that are immobilized via their heparin-binding proper-
ties to proteoglycans and glycosaminoglycans (Tan-
aka et al., 1993a; Gilat et al., 1996; Gilat et al., 1994).
In addition, studies with IL-8 have suggested that
chemokines may accumulate at membrane protru-
sions on endothelial cells, increasing the their local
concentration (Rot et al., 1996; Middleton et al.,
1997). The chemokine fractalkine represents a novel
member of the chemokine family that is expressed on
cell surfaces by a direct transmembrane linkage. This
allows for presentation on the cell surface by a
stalk-like extracellular domain (Bazan et al., 1997).
Thus, chemokines are likely to be specifically
retained on the endothelial cell substrata, resulting in
local availability of chemokines to rolling lym-
phocytes at concentrations sufficiently high enough to
result in integrin activation (Witt and Lander, 1994).
Specific anatomic "conduits" have also been pro-
posed to serve as a mechanism by which to direct
chemokines to HEVs in lymph nodes (Gretz et al.,
1996; Ebnet et al., 1996). Furthermore, binding of
chemokines to ECM components is likely to play a
role in the development of chemokine gradients that
are essential for directed lymphocyte migration (Gilat
et al., 1996; Lider et al., 1995).
Chemokine signaling and integrin activation
The biological effects of chemokines are mediated by
their interaction with serpentine G-protein-coupled
receptors (Ward et al., 1998). Despite the well-appre-
ciated role of chemokines in regulating
integrin-dependent adhesion and migration, little is
still known regarding the biochemical events that
mediate chemokine-induced integrin activation.
Although chemokine-induced triggering of calcium
mobilization is well established (Ward et al., 1998),
its role in regulating integrin function is undefined.
Chemokines also trigger tyrosine phosphorylation
events (Ward et al., 1998), but again, the relationship
of these biochemical events to integrin activation has
not been established. The small GTP-binding protein,
Rho, has been implicated in integrin activation by
chemokines, based on the ability of C3 transferase
exoenzyme to block chemokine-induced activation of
c41 (Laudanna et al., 1996). These findings suggest
that Rho participates in a signal cascade from the
chemokine receptor to trigger integrin-mediated lym-
phocyte adhesion. Although the pathways linking
chemokine receptors to Rho activation are not fully
elucidated for lymphocytes, PKC seems to be
involved in integrin activation induced by fMLP in
human leukocytes (Laudanna et al., 1998). Although
a role for the lipid kinase phosphoinositide 3-OH
kinase (PI 3-K) in the regulation of integrin function
by immunoglobulin superfamily members has been
established (Shimizu and Hunt, III, 1996), PI 3-K
inhibitors do not block integrin activation by fMLP in
human neutrophils (Jones et al., 1998).FROM THE ECM TO THE CYTOSKELETON 159
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FIGURE 2 Focal adhesions and SMACs represent areas of coordinated signal transduction. The focal adhesions studied extensively in fibro-
blasts bear a striking resemblance to the SMACs formed in T cells. Both occupy a significant area of cell membrane and include integrin
receptor clustering. Talin and polymerized actin are associated with integrin [ cytoplasmic tails in each. Focal adhesions and SMACs repre-
sent origins of extensive biochemical signaling cascades that impact cell growth and differentiation
Are There Other Mechanisms by which Integrins
are Activated During Extravasation?
In addition to chemokines, other receptors may play a
role in initiating intracellular signals that activate
integrins during interactions with endothelium. Liga-
tion of L-selectin results in increased integrin-medi-
ated adhesion (Hwang et al., 1996; Giblin et al., 1997;
Steeber et al., 1997), suggesting that selectin-medi-
ated rolling leads to signals resulting in shear-resistant
attachment mediated by integrins. In vitro studies
have also suggested a role for CD31 in integrin acti-
vation, as well as transendothelial migration (Tanaka
et al., 1992; Schimmenti et al., 1992; Bogen et al.,
1992). However, T lymphocyte homing is normal in
CD31-deficient mice (Duncan et al., 1999). Integrins
themselves may also play a role in regulating the
activity of other integrins, a regulatory phenomenon
referred to as integrin "cross-talk" (Blystone et al.,
1994; Porter and Hogg, 1998; Porter and Hogg,
1997). Studies with T cells have shown that interac-
tion of LFA-1 with ICAM-1 inhibits a4[l
integrin-mediated adhesion but enhances T cell
migration on fibronectin. Since chemokines can also
differentially modulate the activity of Il and I]2
integrins on T cells (Carr et al., 1996), the temporal
regulation of distinct integrin types may be critical to
successful lymphocyte extravasation. This model also
predicts that the spectrum of integrin ligands
expressed on a given endothelial surface is likely to
play a critical role in regulating lymphocyte extrava-
sation. For example, VCAM-1 has been proposed to160 JENNIFER A. EPLER et al.
be expressed primarily on inflamed endothelium,
although recent studies have detected a low level of
basal expression of VCAM-1 on lymph node HEV, as
well as a role for a4[ 1 and c4[7 in T cell interactions
with lymph node HEV (Berlin-Rufenach et al., 1999).
Surface-associated fibronectin expressed on endothe-
lial surfaces has also been proposed to play a role in
lymphocyte interactions with endothelium
(Szekanecz et al., 1992; Ager, 1997).
LYMPHOCYTE TRANSMIGRATION
In vitro studies have implicated both c4131 and LFA-1
in transendothelial migration (Oppenheimer-Marks et
al., 1991; Butcher et al., 1999; Oppenheimer-Marks et
al., 1990; Brezinschek et al., 1995). In addition, a role
for ov[3 in monocyte transmigration has been pro-
posed (Weerasinghe et al., 1998). The differential and
sequential activation of integrin receptors determines
the program of temporal and spatial coordination of
cell adhesion, spreading and migration in lym-
phocytes.
The major morphological changes that occur dur-
ing lymphocyte transmigration include cell spreading
in response to activation signals, which results in
shear-resistant attachment, and the induction of cell
motility. This results in movement of lymphocytes
through the endothelial monolayer and into the under-
lying basement membrane. Cytoskeletal reorganiza-
tion provides a driving force for cell spreading and
migration. The small GTP binding proteins of the Rho
family are key regulators of cellular morphology
(Hall, 1998; Reif and Cantrell, 1998). In fibroblasts,
different members of the Rho family have distinct
effects on cell morphology. While Rho acts as a
molecular switch to regulate the assembly of focal
adhesion complexes and contractile actin-myosin fila-
ments, Rac activation leads to the assembly of mesh-
works of actin filaments at the periphery to produce
lamellipodia and membrane ruffles. Cdc42 activity
results in the formation of filopodia, actin-rich cell
surface protrusions. In T lymphocytes, expression of
an active form of Rac increases o411- and c511
integrin-mediated cell adhesion and spreading
(D’Souza-Schorey et al., 1998), suggesting a possible
role for Rac in morphological changes that are
required for lymphocyte transmigration. The role of
Rho in chemokine signaling in leukocytes (Laudanna
et al., 1996) is also consistent with a function for
these GTP-binding proteins in lymphocyte transmi-
gration.
Initiation of cell locomotion requires a membrane
protrusion at the leading edge (Serrador et al., 1999).
Actin and actin binding proteins such as paxillin and
vinculin, along with integrin receptors and kinases are
concentrated at the leading edge. In addition, chem-
okine receptors accumulate at the front portion of
migratory cells (Serrador et al., 1999). After the for-
mation and stabilization of the leading edge, cells use
myosin-based proteins to generate contractile action
and force for cell movement (Serrador et al., 1998). A
distinct structure known as a uropod forms at the trail-
ing end of migrating lymphocytes and contains actin
binding proteins as well as the cell surface receptors
ICAM-1,-2 and-3, CD43 and CD44 (Serrador et al.,
1998). In addition to the adhesive force provided by
integrins during cell motility, signaling initiated by
integrin engagement by ligand regulates cell migra-
tion. Studies of adherent cells have implicated FAK in
regulating integrin-dependent cell migration, since
over-expression of FAK enhances cell migration
(Cary et al., 1996) and FAK-deficient fibroblasts
show reduced migration when compared to wild-type
fibroblasts (Ilic et al., 1995). The effects of FAK on
cell migration may be mediated by downstream tyro-
sine phosphorylation of the adapter protein p130Gas
(Cary et al., 1998; Klemke et al., 1998) as well as the
Crk adapter protein (Klemke et al., 1998). Although
[1 integrin-mediated tyrosine phosphorylation of
FAK in adherent cells has been clearly established,
there are conflicting reports on the ability of [1
integrins on T cells to initiate tyrosine phosphoryla-
tion of FAK (Nojima et al., 1995; Maguire et al.,
1995; Hunter and Shimizu, 1997). Thus, the role of
FAK in regulating T cell migration remains an area
for further exploration. However, both 1 and [2
integrins expressed on lymphocytes induce tyrosine
phosphorylation of p130Gas and a structurally related
protein, HEF1 or Cas-L (Petruzzelli et al., 1996;FROM THE ECM TO THE CYTOSKELETON 161
Hunter and Shimizu, 1997; Minegishi et al., 1996). PI
3-K has been implicated in regulating
integrin-dependent motility of tumor cells in response
to growth factor stimulation (Shaw et al., 1997;
Adelsman et al., 1999; Adam et al., 1998). In addi-
tion, activation of mitogen-activated protein kinase
(MAPK) has been suggested to play a role in regulat-
ing cell migration via phosphorylation of myosin light
chain kinase (Klemke et al., 1997). Enhancement of
COS cell migration is also observed following
over-expression of ICAP-1 (Zhang and Hemler,
1999), an intracellular protein that associates with the
[ integrin cytoplasmic domain (Chang et al., 1997).
It is currently unclear whether these additional path-
ways of regulating cell migration are also operative in
T cells during the transmigration process.
Mechanisms by which integrin receptor activity is
inhibited must also be invoked, given findings that
active integrin receptors are localized at the leading
edge and inactive ones are found at the trailing por-
tion of migrating cells (Serrador et al., 1999). In addi-
tion to integrin cross talk mechanisms that allow
some integrins to inhibit others (Porter and eIogg,
1997; Blystone et al., 1999), a number of intracellular
molecules can negatively regulate integrin-mediated
cell adhesion. Overexpression of integrin-linked
kinase (ILK), a molecule that was initially identified
based on its association with integrin subunit cyto-
plasmic domains, decreases [1 integrin mediated
adhesion of human epithelial cells (Hannigan et al.,
1996). A novel expression genetic strategy has also
demonstrated a role for active H-ras in suppressing
integrin function (Hughes et al., 1997). More recently,
expression of PTEN, a tumor suppressor with lipid
and protein phosphatase activity, was shown to inhibit
cell spreading, focal adhesion and migration (Tamura
et al., 1998). The role of these molecules in regulating
T cell motility has not been extensively investigated.
In hematopoietic cells, tyrosine phosphatases play a
central role in negatively regulating integrin-mediated
adhesion. T cell lines deficient in expression of the
CD45 tyrosine phosphatase show enhanced 1
integrin-dependent adhesion to fibronectin (Shenoi et
al., 1999), and studies with macrophages deficient in
expression of the SHP-1 phosphatase show that
SHP-1 is required for detachment from adhesion
mediated by the cM2 integrin (Roach et al., 1998).
Regulation of ECM-degrading Proteases
by Integrins
Not only must T cells squeeze through the endothelial
monolayer, they must also have mechanisms for
breaking through the underlying basement membrane.
This complex of various ECM proteins, such as lam-
inin and type IV collagen, constitutes a rigid barrier. It
has been shown in a variety of cell types that integrins
have the additional function of inducing the expres-
sion of specialized proteases on the surface of migrat-
ing cells (Romanic and Madri, 1994; Huhtala et al.,
1995; Brooks et al., 1996). These proteases are of the
matrix metalloproteinase (MMP) family, which are
specifically designed for ECM protein degradation
(Huhtala et al., 1995). Interaction of T cells with
VCAM-1 via c41 results in surface expression of
the MMP family member, 72 kD gelatinase (Romanic
and Madri, 1994). In addition, the 72 kD gelatinase
inhibitor, TIMP-2, blocks in vitro T cell transmigra-
tion, suggesting a critical role forc4 1 integrin-medi-
ated induction of expression of this protease in T cell
migration.
Interestingly, there is evidence in fibroblast studies
of a role for integrin cross-talk in MMP induction.
Engagement of c51 results in increased MMP
expression, while4 integrin stimulation produces
only low basal expression. Simultaneous engagement
of c51 and 41 also results in low expression of
MMPs (Huhtala et al., 1995). Whether these specific
integrin roles, or the general cross talk phenomenon,
applies to surface MMP induction in T cells remains
to be seen.
The activity of membrane-bound proteases must be
subject to strict regional control. The active protease
must sense the leading edge of the cell, and be present
only in this area, and in a matrix protein-specific man-
ner. In addition to regulating protease expression,
integrins also participate in regional control of pro-
tease expression on the cell surface. Studies with
CS-1 melanoma cells have revealed the colocalization
of oV[3 integrin and MMP-2 on the cell surface that162 JENNIFER A. EPLER et al.
is mediated by direct binding of MMP-2 to V[3
itself (Brooks et al., 1996). This association implies a
distinct and directed method by which tumor cells
invade specific tissues. The intriguing possibility of
similar MMP-integrin juxtapositions in T cells is sug-
gested.
INTEGRINS AND ANTIGEN-SPECIFIC
T CELL ACTIVATION
Although T lymphocytes exhibit high rates of migra-
tion (Serrador et al., 1999), antigen recognition by T
lymphocytes in lymphoid tissue requires that anti-
gen-specific T cells be detained long enough within
the tissue site for activation and differentiation to
occur. Integrins also participate in this complex proc-
ess of antigen-specific T cell activation, and many of
the same regulatory events that govern cell migration
also govern the changes that occur in T cells as a
result of encounter with antigen.
Stop Signals
The conversion from a migratory to a more stationary
phenotype in T cells is mediated by engagement of
the antigen-specific T cell receptor (TCR) with pep-
tide antigen presented by a self-MHC protein on a tis-
sue-resident APC. In vitro studies have shown that
TCR stimulation results in two distinct changes in
integrin-dependent function. One is a rapid, but tran-
sient increase in [1- and 12 integrin-mediated adhe-
sion of T cells to ECM proteins such as fibronectin
and laminin, as well as cell surface counter-receptors
such as ICAM-1 and VCAM-1 (Dustin and Springer,
1989; van Kooyk et al., 1989; Shimizu et al., 1990b).
This effect of TCR stimulation is similar in some
respects to the effects of chemokines on integrin func-
tion under conditions of shear flow. TCR-induced
increases in 1 1 integrin-mediated adhesion of T cells
to ECM proteins may be particularly critical in pro-
viding a mechanism by which to retain antigen-reac-
tive T cells at the site of antigen encounter. A second
effect of TCR stimulation is to block T cell migration
on purified ICAM-1 (Dustin et al., 1997). Treatment
of T cells with antibodies that induce the high affinity
conformation of LFA-1 can also induce this "stop sig-
nal", suggesting that TCR stimulation induces this
block in migration by inducing an increase in LFA-1
affinity (Dustin et al., 1997). However, an ability of
TCR stimulation to induce changes in LFA-1 affinity
has not been uniformly observed (Stewart et al.,
1996). Nevertheless, initial TCR engagement leads to
changes in integrin function that result in dramatic
effects on T cell adhesion and migration.
Morphological and Cytoskeletal Changes Upon
APC Engagement
As the TCR recognizes its peptide antigen in the
clutches of the appropriate MHC receptor on the
APC, it turns its full attention to the site of recogni-
tion. The accessory proteins CD4/8 cluster about the
engaged TCR, stabilizing the interaction. CD4 and
CD8 recognize conserved sites on the MHC protein
(class II or I) and recruit critical cytoplasmic signal-
ing proteins (eg., p56lck) into the vicinity of the TCR.
Co-receptors that provide amplifying signals to TCR
activation, such as CD28, also likely are recruited to
the site of contact between the TCR and APC. Early
studies with blocking antibodies against LFA-1 and
CD2 demonstrated a critical role for these adhesion
molecules in mediating conjugate formation between
T cells and target cells (Shaw et al., 1986). During
this process of APC engagement, signals provided by
the TCR and co-receptors, such as CD2 and CD28,
serve to stabilize the T cell-APC interaction by
enhancing the functional activity of [2, as well as [ 1,
integrins. Stimulation of CD2, CD28 or CD7 can
enhance integrin-mediated adhesion, even in the
absence of simultaneous engagement of the TCR (van
Kooyk et al., 1989; Shimizu et al., 1990b; Shimizu et
al., 1992). This suggests that a critical function of
co-receptor signaling during T cell activation is to
enhance integrin-mediated adhesive forces that are
necessary for effective stimulation of T cells (Zell et
al., 1998a). Receptors that activate integrin-mediated
adhesion also activate PI 3-K, and studies with phar-
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clear role for PI 3-K in the activation of integrin func-
tion by the TCR, CD2, CD7, and CD28 (Nagel et al.,
1998; Chan et al., 1997; Shimizu et al., 1995; Zell et
al., 1998b; Kivens et al., 1998; Zell et al., 1996). For
LFA-1, TCR-induced increases in LFA-l-mediated
adhesion to ICAM-1 may involve an intracellular pro-
tein, cytohesin-1, that associates with the I]2 integrin
cytoplasmic domain and is a downstream target of PI
3-K (Nagel et al., 1998; Kolanus et al., 1996).
Recent studies of APC engagement have vividly
demonstrated the formation of a specialized structure
in the T cell at the point of contact with the APC
termed a "supramolecular activation cluster" (SMAC)
(Monks et al., 1998) or "immunological synapse"
(Shaw and Dustin, 1997). This bull’s eye-shaped
structure consists of an inner circle, or central SMAC
(cSMAC), that contains a tight cluster of specific and
co-operative signaling molecules, such as CD4 and
the TCR on the surface, and p56lck, p59fyn and PKC 0
in the proximal cytoplasm (Monks et al., 1998). Com-
plementary studies utilizing an alternative approach
with purified adhesion molecules suggest that CD2 is
also found in the cSMAC (Dustin et al., 1998). The
outer ring, the peripheral SMAC (pSMAC), is defined
by the presence of LFA:-I and the integrin-cytoskele-
tal linker protein, talin (Monks et al., 1998). Based on
the extracellular "heights" of these proteins
(shorter-in-the-middle, longer-on-the-edge) a concave
3D structure (Shaw and Dustin, 1997) is formed.
Thus, LFA-1, which provides much of the adhesive
force between T cells and APCs during this process,
forms a ring of adhesion around smaller receptors that
mediate lower affinity interactions.
Complementing the SMAC arrangement on the
surface is a strikingly similar cytoskeletal rearrange-
ment. Upon TCR engagement, the microtubule organ-
izing center (MTOC) moves from the vicinity of the
uropod to the point directly below the TCR (Serrador
et al., 1999; Sedwick et al., 1999). Simultaneously,
the actin cytoskeleton rearranges to form an asym-
metric cap structure centered around the MTOC (Sed-
wick et al., 1999; Holsinger et al., 1998; Serrador et
al., 1999). Interestingly, the translocation of actin and
the microtubule structures appears to be independent
of each other, and dependent upon signals from differ-
ent cell surface receptors. Despite evidence for actin
cap formation by T cells placed on anti-CD3 coated
plates (Holsinger et al., 1998), more recent data sug-
gests that MTOC relocation is the distinct result of
TCR engagement, while actin capping (as measured
by localization of the actin binding protein talin) is
the result of LFA-1 binding. This independence was
demonstrated in a novel experiment in which T cells
were exposed to antigen-free, ICAM-expressing APC
and anti-CD3 coated beads from opposite poles (Sed-
wick et al., 1999). Talin and actin polarized at the site
of LFA-1/ICAM binding at the APC, whereas the
MTOC translocated to the site of bead-cell contact.
In many respects, SMACs are strikingly similar to
focal adhesions created by integrins in adherent cell
types (Guan, 1997) (Figure 2). Both SMACs and
focal adhesions are marked by extensive receptor
clustering, which leads to the initiation of diverse
intracellular signaling events. In addition, the
cytoskeleton plays a central role in the formation of
both structures. In the case of SMACs the interaction
of talin with the I]2 cytoplasmic domain may be par-
ticularly important, since mutations in the [2 cyto-
plasmic domain have dramatic effects on LFA-1
function (Hibbs et al., 1991). However, it has not yet
been demonstrated that LFA-1 interactions with talin
are required for SMAC formation. Studies of SMAC
formation with T cells lacking LFA-1 may be particu-
larly informative regarding the precise role of
integrins in the formation and maintenance of
SMACs during T cell activation.
Lipid Rafts and SMACs?
Lipid rafts is a term used to define regions of the T
cell membrane that consist of detergent-resistant
zones enriched in cholesterol and sphingolipids, as
well as a variety of key signaling proteins (Xavier et
al., 1998; Moran and Miceli, 1998). Intact lipid rafts
are required for efficient T cell signal transduction
(Moran and Miceli, 1998; Xavier et al., 1998; Stulnig
et al., 1999) and T cell stimulation with beads con-
taining anti-CD3 and anti-CD28 mAbs results in
polarization of lipid rafts to the point of contact
between the T cell and the bead (Viola et al., 1999).164 JENNIFER A. EPLER et al.
Src family tyrosine kinases, certain PI 3-K isoforms,
and adapter proteins such as LAT (linker for activa-
tion of T cells) are enriched in the lipid rafts (Zhang et
al., 1998; Xavier et al., 1998; Harder and Simons,
1999), consistent with a role for these structures in T
cell activation. Recently, it has been suggested that
aggregation of lipid rafts at the T cell-APC zone of
contact is associated with actin cytoskeleton reorgani-
zation, as disruption of the rafts inhibits the associa-
tion of signaling proteins, such as TCR , with the
cytoskeleton. However, the mechanism of promotion
remains unknown (Moran and Miceli, 1998). Because
lipid rafts also localize to the T cell-APC contact zone
and have a provocative connection to the cytoskele-
ton, they have a striking resemblance both to SMACs
and focal adhesions. However, the relationship
between these biochemically defined raft regions of
the T cell plasma membrane and the microscopically
defined SMACs remains unclear. In particular, the
localization of integrins to lipid rafts remains an
unexplored area.
TCR Signaling and Cytoskeletal Reorganization
Signals transduced by the TCR have now been linked
to intracellular events that lead to reorganization of
the cytoskeleton. Tyrosine phosphorylation of the
tail by p56lck induces the association of TCR with
the actin cytoskeleton (Rozdzial et al., 1995; Rozdzial
et al., 1998). In addition, the immunoreceptor tyro-
sine-based activation motifs (ITAMs) in the TCR
cytoplasmic domain are important in TCR-driven reo-
rientation of the microtubule organizing center and
polymerization of the actin cytoskeleton
(Lowin-Kropf et al., 1998; Rozdzial et al., 1998).
Since tyrosine phosphorylation of ITAMs results in
the association and activation of the ZAP-70 tyrosine
kinase, a role for ZAP-70 and its downstream sub-
strates in regulating the cytoskeleton upon TCR stim-
ulation would be predicted. Recent studies have
confirmed this hypothesis. Overexpression of a domi-
nant negative form of ZAP-70 in T cells prevents
MTOC reorganization (Lowin-Kropf et al., 1998). In
addition, ZAP-70-mediated tyrosine phosphorylation
of the adapter protein SLP-76 is critical to the forma-
tion of a trimolecular complex consisting of tyrosine
phosphorylated SLP-76, Vav and Nck (Wardenburg et
al., 1998). This complex results in the recruitment via
Nck of p21-activated protein kinase 1 (PAK1), a
kinase that has been implicated in actin polymeriza-
tion and that is activated by GTP-bound Rac and
Cdc42 (Sells et al., 1997; Adam et al., 1998). Since
Vav functions as a GDP-GTP exchanger for Rho fam-
ily proteins, including Cdc42 and Rac, PAK is acti-
vated in this complex due to its proximity to
GTP-bound Rac and Cdc42. The ability of domi-
nant-negative forms of SLP-76, Vav and Nck to
inhibit TCR-induced polymerization of the actin
cytoskeleton (Wardenburg et al., 1998)is consistent
with a role for this trimolecular complex in regulating
TCR-driven cytoskeletal rearrangement, possibly via
PAK1 or another protein that interacts with Nck, such
as Wiskott-Aldrich syndrome protein (Ramesh et al.,
1999; Bi and Zigmond, 1999). Independent studies
with Vav-deficient T cells have also demonstrated a
role for Vav in the induction of actin caps following
stimulation with immobilized anti-CD3 mAbs (Hols-
inger et al., 1998; Fischer et al., 1998; Cantrell, 1998).
However, the precise relationship of these biochemi-
cal events to the SMAC formation or polarization of
lipid rafts remains to be determined.
Co-receptor Signaling and the T Cell Cytoskeleton
The role of integrins in regulating the cytoskeleton
during the process of antigen-specific T cell activa-
tion remains poorly characterized. However, both [
and [2 integrins can enhance TCR-driven T cell pro-
liferation (Shimizu et al., 1990a; van Seventer et al.,
1990; Udagawa et al., 1996; Abraham et al., 1999),
suggesting that integrin signaling might contribute to
the cytoskeletal rearrangements that are required for
T cell activation. Recent studies demonstrating a role
for LFA-l-dependent cell spreading in facilitating
TCR-driven activation of MAPK is consistent with
this notion (Geginat et al., 1999). However, the spatial
segregation in SMACs of LFA-1 from other receptors
that participate in T cell activation, such as the TCR
itself, CD2 and CD28, suggests that there may be
unique features of integrin signaling as it relates to itsFROM THE ECM TO THE CYTOSKELETON 165
downstream effects on T cells. Other co-receptors that
promote T cell proliferation clearly can initiate sig-
nals that result in cytoskeletal rearrangements. CD28
stimulation leads to activation of PAK1 that can be
enhanced by simultaneous engagement of the TCR
(Kaga et al., 1998a), and CD28 signaling also leads to
an increase in F-actin content in T cells (Kaga et al.,
1998b). Engagement of CD2 leads to reorientation of
the MTOC that is regulated by a novel intracellular
protein, CD2AR that associates with the CD2 cyto-
plasmic domain (Dustin et al., 1998).
Localization of1 Integrins During T Cell
Activation
Although LFA-1 has been localized to pSMACs, the
redistribution of [1 and [7 integrins during anti-
gen-specific T cell activation remains unknown. This
is a critical issue for several reasons. First, VCAM-1
has been detected on certain antigen-presenting cells,
including follicular dendritic cells (Ogata et al., 1996;
Gao et al., 1997). Thus, the potential exists for c4 1,
and possibly c47, to mediate adhesion between anti-
gen-specific T cells and certain APCs. Second, sig-
nals provided by the ECM via 31 integrins can
enhance TCR-induced T cell proliferation and induc-
tion of gene expression (Shimizu et al., 1990a; Uda-
gawa et al., 1996). The localization of [ integrins in
either SMACs or lipid rafts is likely to provide impor-
tant insights into the biochemical basis and functional
outcomes of ECM-mediated signals that impinge on
antigen-specific T cell activation.
TERMINATING THE T CELL-APC CONTACT
The mechanistic basis for the termination of the inter-
action between an antigen-specific T cell and an anti-
gen-laden APC remains unclear, although this process
of termination is clearly critical to the dissemination
of effector T cells through the body following antigen
challenge. Biochemical mechanisms that downregu-
late integrin function are likely to play a critical role
in this termination event. Processes that downregulate
integrins during cell motility might also participate in
downregulating integrin function during T cell activa-
tion. Recent findings that CD45 and other tyrosine
phosphatases may have a negative regulatory effect
on integrins are particularly intriguing (Shenoi et al.,
1999; Roach et al., 1998), given the vital role that
CD45 plays in T cell activation in general.
IL-2 and T Cell Migration
Although the role of IL-2 in promoting T cell prolifer-
ation is well appreciated, this cytokine may also play
an important role in regulating T cell motility during
antigen challenge. IL-2 stimulation leads to the tran-
scription of a number of cytoskeletal proteins, includ-
ing I-catenin, -actin and a-tubulin. These
transcriptional events may be related to the increase
in T cell size that occurs during T cell activation (Her-
blot et al., 1999). IL-2 also enhances T cell adhesion
to fibronectin, laminin and type-IV collagen, as well
as fibronectin-dependent migration in vitro (Ariel et
al., 1998). Interestingly, naturally occurring IL-2 frag-
ments produced by the neutrophil enzyme, elastase,
can alter these pro-adhesion and pro-migration abili-
ties (Ariel et al., 1998). However, the prevalence of
these IL-2 fragments in vivo is still uncertain. IL-2
also induces actin polymerization and membrane ruf-
fling in human and mouse T cells (Arrieumerlou et
al., 1998). Many intracellular signaling events that
regulate integrin function, such as activation of PI
3-K and phosphorylation of the phosphatase SHP-2,
occur upon engagement of the IL-2 receptor (Arrieu-
merlou et al., 1998; Brennan et al., 1997;
Gonzfilez-Garcia et al., 1997). How these IL-2 recep-
tor-mediated signals integrate with signals provided
by the TCR, integrins and other co-receptors to regu-
late T cell adhesion and motility remain important
areas of future investigation.
CONCLUSION
Each step of a T cell’s journey through lymphoid and
remote tissues depends on integrin activity. Not only166 JENNIFER A. EPLER et al.
does this activity exert concerted homing effects, it is
also a critical component of the cytoskeletal regula-
tion physically necessary for motion through diverse
environments. Although much of our knowledge of
how integrins and the cytoskeleton influence cell
motility results from studies in non-lymphoid cells, it
is becoming clear that lymphocytes utilize many of
these same regulatory mechanisms. In addition, it is
apparent that integrins participate in the development
of novel specialized structures, such as SMACs, that
are critical for antigen-specific T cell activation. Our
understanding of T lymphocyte action will continue
to be enriched by further examination of the dynamic,
integrin-mediated actions immediately preceding and
distantly following antigen recognition.
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